Lead contamination is a worldwide problem that affects the health of several bird species and can cause biodiversity loss. However, in South America there is little information about this problem and the species affected. The aim of this study is to compile existing knowledge about lead contamination in South American bird species and propose actions to mitigate this problem. Through a literature search, we found 39 scientific articles on this topic studying 68 bird species. Most studies came from Argentina and Brazil (71.7%), but also from Chile (7.7%), Venezuela (7.7%), Colombia (5.1%), Bolivia (2.6%), Ecuador (2.6%) and Peru (2.6%). Almost all the articles were published between 2001 and 2017. Waterbirds and birds of prey were the avian guilds more studied. Seventy percent of the studies show individuals with lead concentrations that exceed established thresholds levels. The few available articles suggest that lead contamination may be a continental-scale problem produced by different sources like fuels, mining, industries and hunting ammunition. However, lead ammunition seems to be an underestimated source of lead which is producing the highest toxic levels in bird species from South America. To our knowledge, there are regulations about different lead sources but not for lead ammunition in any country, except for some regions in Argentina. The progressive banning of lead from all sources and particularly from hunting ammunition is the main and most effective way to reduce the risk for wildlife. Current obstacles must be overcome through a combined effort of governments, wildlife managers and local communities.
Introduction
Lead contamination is a worldwide problem that affects a great variety of bird species and can potentially lead to death, population declines and biodiversity loss (Haig et al., 2014) . In this sense, lead is one of the most toxic metals known affecting the health of different bird species (De Francisco et al., 2003; Haig et al., 2014) . Millions of birds die annually as a consequence of lead poisoning around the world, reaching 3,000,000 deaths only in USA (De Francisco et al., 2003) . Lead toxicity has been studied in several bird groups such as waterfowl, upland birds, raptors and scavengers, among others (Bellrose, 1959; Fisher et al., 2006; Kendall et al., 1996) . Nowadays, it is affecting a great number of terrestrial and waterbirds worldwide (Ferreyra et al., 2014; Fisher et al., 2006; Mateo et al., 2007; Pain et al., 2009) . Moreover, this toxic metal is considered one of the most important threats for several species of conservation concerns (Fisher et al., 2006; Pain et al., 2005; Rideout et al., 2012; Wiemeyer et al., 2017) .
The primary exposure pathway to lead is ingestion (De Francisco et al., 2003; Haig et al., 2014; Pain et al., 2005 Pain et al., , 2009 . Once ingested, digestion enables the absorption of lead in the gut and then it enters to the blood stream and reaches different organs and tissues (De Francisco et al., 2003) . The toxic impacts of lead range from subtle hematologic changes to serious and lethal pathologic alterations, according to the lead concentrations reached in different organs and tissues (De Francisco et al., 2003; Ferreyra et al., 2015; Haig et al., 2014) . Low concentrations of lead produce harmful effects on bird's health like inhibition of enzymes that are important for https://doi.org/10.1016/j.pecon.2018.08.001 2530-0644/© 2018 Associação Brasileira de Ciência Ecológica e Conservação. Published by Elsevier Editora Ltda. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). metabolic functions (Espín et al., 2015) . Yet as lead levels increase, it affects numerous systems (nervous, reproductive, immune, urinary and digestive) (Burger, 1995; Burger and Gochfeld, 1994; Haig et al., 2014; Kendall et al., 1996; Pain et al., 2009) . This leads to clinical alterations like weakness, weight loss, diarrhoea, incoordination, anaemia, reproductive alterations, immune system dysfunctions, behaviour abnormalities, migratory movement variations, bone mineralization disruptions and even death (Álvarez-Lloret et al., 2014; Burger, 1995; De Francisco et al., 2003; Ecke et al., 2017; Kendall et al., 1996) . Of note that lead toxicity and health impacts can vary at the individual and species levels due to differences in gastrointestinal physiology, environmental temperature, weather, diet composition (Kendall et al., 1996; Lindblom et al., 2017) , and combination with other stressors like infection (Paskova et al., 2011) .
Birds can be exposed to lead by different sources like fishing sinkers, paint, rubish and atmospheric pollution (De Francisco et al., 2003; Haig et al., 2014; Pain et al., 1995; Plaza and Lambertucci, 2017) . However, at a global scale the current primary source of lead for birds is ingested lead shot or bullet fragments (Burger, 1995; Fisher et al., 2006; Pain et al., 1995 Pain et al., , 2009 . Consequently, several countries in Europe, North America, Asia and Oceania have implemented policies to regulate this source (Avery and Watson, 2009 ). However, in many countries and some large regions of the world there are no policies to control this threat. This may be because lead toxicity is not a priority for government, but also because in some places there is little information about the ecosystem impacts that lead contamination produces. This seems to be the case for South America, and thus putting this problem in context for this region is timely and necessary. In this study, we review existing scientific knowledge about lead contamination in bird species from South America. We particularly focus on the location of the existing studies, presumed origin of the lead, type of sample used to diagnose lead contamination, type of laboratory methodologies, lead concentrations found in the different samples, and species studied. We then discuss the need to evaluate this problem at broader spatial and temporal scales, determining potential geographic areas where the risk of lead contamination is high and times of the year when the risk of lead contamination increases. Finally, we analyze needed actions conducive to mitigating this problem.
Material and methods
We compiled information available on lead contamination and poisoning in birds from South America until 15 March 2018 by searching in Google Scholar and Scopus. We used different combinations of relevant terms without restriction on the year of publication. First we performed two general searches with the following terms (1) "lead" OR "Pb" AND "birds" OR "Aves" AND "toxicity" OR "contamination" OR "poisoning" AND the name of each South American country and (2) "Bird lead poisoning" AND the name of each South American country. Then we performed additional searches with multiple combinations of the following terms (bird lead poisoning, bird lead exposure, bird lead contamination, bird trace metals concentrations, and bird heavy metal concentrations, coupled with each name of the South American country). We reviewed the returns of each search until we were sure the results were not related to the search criteria (every paper in Scopus; and up to a maximum of 350 returns of each search for every South American country in Google Scholar). We then checked all the selected articles that studied lead contamination or poisoning in birds in those countries to corroborate they were pertinent. Finally, we looked at the references of the articles we reviewed for additional reports not found in our searches. We excluded articles that did not inform lead concentrations, articles referred to poultry or pet birds and grey literature. From each paper we extracted information about geographic location, year of publication, presumed or confirmed lead sources, type of sample used to analyze lead concentrations, type of laboratory methodologies, concentration of lead reported, species studied, and season of the year when sampling occurred to evaluate associations with hunting. To compare lead concentrations found in the articles we reviewed, we converted all the results reported to mg/kg dry mass (1 g/g = 1 ppm = 1 mg/kg). To convert wet mass into dry mass we used the following correction factors: 1 g/g wet mass equals approximately to 4.6 g/g dry mass for blood, 3.1 g/g dry mass for liver, 4.3 g/g dry mass for kidney, and 1.2 g/g dry mass for bone (Franson and Pain, 2011) .
Results
We found 39 scientific articles that mentioned lead contamination in wild birds from South America and reported lead concentrations. Almost seventy two percent were articles from Brazil (38.4%) and Argentina (33.3%); the rest were conducted in Chile (7.7%), Venezuela (7.7%), Colombia (5.1%), Bolivia (2.6%), Ecuador (2.6%) and Peru (2.6%). All the articles we found were published between 2001 and 2017 ( Fig. 1) . The different sources of lead suspected by the articles included ammunition (7 studies) and pollution generated by other human activities (32 studies) such as mining, fishing, motorboats, waste disposal, and chemical-petrochemical industries (Fig. 2 ). We did not find any study addressing the relationship between hunting seasons and lead levels in bird tissues.
To diagnose lead contamination, studies used different sample types, laboratory techniques and concentration units. Sample types included: liver (n = 20), kidney (n = 15), feathers (n = 14), bone (n = 7) and blood (n = 8). Some studies also included samples of muscle (n = 4), brain (n = 4), eggs (n = 1), gonads (n = 1), lung (n = n = 2), spleen (n = 1), heart (n = 1) and faeces (n = 1). The laboratory methodologies used to measure lead concentrations were highly variable, but studies mainly using atomic absorption spectrophotometer, graphite furnace atomic absorption spectrometry, and inductively coupled plasma optical spectrometry (Table S1 ). The concentrations of lead reported included multiple units ranging from individuals with undetectable levels to highly affected birds (Table S1 ) and almost three quarters of the studies we found (70.0%, 27/39) showed individuals with concentrations above known threshold levels, which are the minimum levels of lead where deleterious effects begin to appear (Espín et al., 2015) (Tables S1 and S2) . Of the different bird species studied, some individuals of the Brazilian teal (Amazonetta brasiliensis), and the fulvous whistling-duck (Dendrocygna bicolor) showed the highest lead concentrations values, reaching concentrations above 380 mg/kg dm in bone (Ferreyra et al., 2014) (Fig. 3 , Table S1 ). These highest reported lead levels were associated with lead ammunition from hunting.
Published studies included information on 68 bird species, one of which is Critically Endangered, two are classified as Endangered, seven are Near Threatened and six are Vulnerable (IUCN, 2018) (Table S1 ). From all the species that were evaluated for lead contamination in South America, 50% were waterbirds belonging to orders Anseriformes, Podicipediformes, Sphenisciformes, Procellariiformes, Suliformes, Pelecaniformes, and Charadriiformes, 29.5% were birds of prey belonging to orders Cathartiformes, Accipitriformes and Falconiformes, and the rest (20.5%) were different species belonging to the following orders Tinamiformes, Columbiformes, Apodiformes and Passeriformes (Table S1 ). 
Discussion

Lead contamination in birds from South America
Compared with Europe and North America (Bellrose, 1959; Clark and Scheuhammer, 2003; Fisher et al., 2006; Mateo, 2009) , the few publications about lead contamination in birds from South America show that this problem has been poorly studied, and that the efforts are relatively recent and mainly restricted to two countries, Brazil and Argentina. In the 39 studies we reviewed, the suspected source of lead most cited and yet seldom confirmed was pollution generated by mining, fuel or different industries. This is unexpected given that the current most important lead source affecting bird species around the world is ammunition (Fisher et al., 2006; Mateo-Tomás et al., 2016; Pain et al., 1995 Pain et al., , 2009 ). This result could be biased due to researchers having mainly focused on those sources instead hunting. Lead contamination from hunting was mainly studied in bird species associated with wetlands and the Andes mountain range from Argentina (e.g., Ferreyra et al., 2014; Lambertucci et al., 2011; Wiemeyer et al., 2017) . In the case of wetlands, the source of lead was spent lead shot ingested by waterfowl (Ferreyra et al., 2009) . Similarly, in the Argentine Andes scavenger birds ingested bullet fragments from hunted animal carcasses (Lambertucci et al., 2010 (Lambertucci et al., , 2011 Wiemeyer et al., 2017) . Lead contamination from other sources was studied in mining areas of Bolivia (Garitano-Zavala et al., 2010) , near industries in Venezuela and Brazil (Bravo et al., 2005; Martins et al., 2010) , in polluted water bodies of Argentina (Cid et al., 2009) , and marine coast of Argentina, Brazil, Chile and Ecuador (Celis et al., 2014; Gil et al., 2006; Jiménez-Uzcátegui et al., 2017; Vega et al., 2010) . While there are more studies on lead contamination in Argentina and Brazil, it is reasonable to think that similar situations of lead contamination could be happening throughout the entire continent (Wiemeyer et al., 2017) . Thus, this problem could be present yet undiagnosed-wise, affecting several bird species and therefore merits additional research.
Different samples types (e.g., blood, bone, feathers, liver, kidney, muscle, brain, gonads, eggs and faeces) were used to assess lead contamination. Some of them, like faeces, are not commonly used for lead contamination diagnosis, are not very useful as a proxy for bioaccumulation and the threshold levels for bird species are not well standardized (Espín et al., 2016) . Moreover, there was great variability in units used to express lead concentrations and laboratory analytical methodologies. Therefore, there is a need to reduce the variability in the type of samples analyzed, the laboratory methodologies and the units used to measure lead to allow for a better characterization of the situation and enable comparisons at regional scales (Espín et al., 2016) .
Species studied
In South America, the bird species where lead contamination has been studied are mainly waterbirds and birds of prey, particularly scavenging birds (Carvalho et al., 2013; Ferreira, 2010; Ferreyra et al., 2014; Lambertucci et al., 2011) . Among species surveyed with some degree of threats, the Andean condor (Vultur gryphus), the black browed albatross (Thalassarche melanophris), the flightless cormorant (Phalacrocorax harrisi), the Galapagos penguin (Spheniscus mendiculus), the spectacled petrel (Procellaria conspicillata), the white-chinned petrel (Procellaria aequinoctialis), and the white-necked hawk (Buteogallus lacernulatus) showed lead levels exceeding established thresholds (Carvalho et al., 2013; Ferreira, 2009; Jiménez-Uzcátegui et al., 2017; Lambertucci et al., 2011; Seco Pon et al., 2011; Wiemeyer et al., 2017) . However, in the case of pelagic species such as albatrosses, their broad feeding ranges make it difficult to know where they were exposed to lead (Seco Pon et al., 2011) .
The species found with higher lead levels in South America (birds of prey and waterbirds) resemble to those reported in other regions of the world (Bellrose, 1959; Fisher et al., 2006; Friend et al., 2009 ). This may be because those species were specially targeted for lead toxicity studies, and therefore reflect an important sampling bias. However, it could also be due to these species' foraging habits, which could make them more susceptible to lead contamination and poisoning . For instance, it is widely known that ducks ingest lead pellets by confusing them whit grit or seeds (Bellrose, 1959; Mateo et al., 2000) . Thus, this foraging strategy can induce high levels of lead consumption and concentration in tissues, as was found in ducks from Argentina (Ferreyra et al., 2014) . Similarly, scavengers commonly ingest ammunition fragments in carcasses of hunted animals (Hunt et al., 2006) , and this is also the case in South America (Lambertucci et al., 2010; Wiemeyer et al., 2017) . Undoubtedly, more research is needed to increase information on the species known to be more prone to poisoning, as well as on the origin of the lead causing toxicity. Moreover, a random sampling of species and areas will be needed across the continent to have a better representation of the problem.
Lead contamination at geographical and temporal scales
The effective mitigation of the risks posed by different contaminants requires knowing their sources and their distribution at spatial and temporal scales (Mateo-Tomás et al., 2016) . Therefore, knowing where and when lead contamination is occurring in South America could aid mitigation efforts.
High risk areas
According to our review, some landscapes in South America seem to be more likely sources of environmental lead for bird species, mainly associated to different land uses. Places where industries are present (Bravo et al., 2005) , sites where hunting with lead ammunition occurs (Romano et al., 2016; Rubio et al., 2014) , polluted marine costal zones (Gil et al., 2006; Vega et al., 2010) , places where motorboat sports are regularly practiced (Cid et al., 2009) , and mining areas (Garitano-Zavala et al., 2010) can be considered geographical hotspots for lead contamination. Compiling information about potential areas with high probability of lead contamination and producing risk maps could be important to define priority areas for lead toxicity surveillance. Moreover, they could be used to design local policies and interventions to reduce this important threat for birds, other wildlife and humans that live in those areas (Mateo-Tomás et al., 2016; Pain et al., 2010) .
High risk seasons
When the source of lead is ammunition, the risk of lead contamination for some bird species (e.g. birds of prey) may vary across the year, and the higher risk periods coincide with the hunting season. This relationship is clear in other parts of the world. For instance, lead blood concentrations in Turkey vultures (Cathartes aura) were positively correlated with an increase in wild boar (Sus scrofa) and red deer (Cervus elaphus) hunting in California (Kelly and Johnson, 2011) . The same relationship seems to occur in other bird species such as common ravens (Corvus corax) in Yellowstone National Park (Craighead et al., 2009) , marsh harriers (Circus aeruginosus) in France (Pain et al., 1997) , Steller's sea-eagle (Haliaeetus pelagicus) and the white-tailed eagle (Haliaeetus albicilla) in Japan (Saito et al., 2009) , griffon vulture (Gyps fulvus) (Mateo-Tomás et al., 2016) and Egyptian vultures (Neophron percnopterus) in Spain (Gangoso et al., 2009 ). We did not find any study that evaluated lead contamination changes between seasons in South America. However, Ferreyra et al. (2009 Ferreyra et al. ( , 2014 found high levels of ingested pellets in ducks during the hunting season. In South America, wildlife hunting seasons are mostly concentrated from March to August. This is relevant for surveys that aim to establish times of the year with greater risks as well as for putting results into context. Moreover, this information can aid wildlife managers in focusing monitoring and mitigation efforts seasonally according to predicted risk.
Sources of lead in South America
Pollution as source of lead contamination in birds
That vast majority of the articles we reviewed show that pollution from fuel, mining activities and different types of industries are the main suspected sources of lead affecting bird species of South America. In the last years regulations to mitigate these sources of lead have been implemented globally (Stroud, 2014) . Thus, it is reasonable to expect a reduction in the contamination they produce. However, while in the last 25-30 years environmental policies have increased, mining activities continue to be an important source of contamination and conflict in different countries of South America (Bebbington and Williams, 2008; Hilson, 2000; Urkidi, 2010) . The same situation occurs with industries like petrochemicals and acid battery manufactures (UNEP, 2017 -Emerging issues). Therefore, despite current regulations, some of these sources of lead will likely continue to be an environmental problem. In this sense, they should be monitored across the entire continent, especially in sites where they are considered important economic resources.
Ammunition: An underestimated source of lead in South America
We found very few studies focusing on lead contamination from hunting ammunition (but see Ferreyra et al., 2014; Lambertucci et al., 2011; Wiemeyer et al., 2017) (Fig. 2) . Notwithstanding, the few available studies linked to ammunition reported the highest lead concentration in birds. This situation contrasts with other parts of the world like North America and Europe where this association has been extensively examined (De Francisco et al., 2003; Haig et al., 2014; Mateo-Tomás et al., 2016; Pain et al., 2005 Pain et al., , 2009 ). This surprising knowledge vacuum may have contributed to the invisibility of this important threat to biodiversity in South America.
Using the number of hunting licenses sold in the continent as a reference, game hunting is widely distributed in South America (Ojasti, 2000) , except for Colombia where sport hunting is not allowed (Rey Angel, Dirección de Bosques, Biodiversidad y Servicios Ecosistémicos Colombia com. pers.), and Brazil where in the past was allowed in Rio Grande do Sul (Guadagnin et al., 2007) , but not nowadays. For instance, in Argentina, one of the countries with highest sport hunting practices in South America (Ojasti, 2000) ; there are designated hunting sites for small and large game in the entire country (Novaro, 1995; Romano et al., 2016; Rubio et al., 2014; Saggese et al., 2009) . Similarly, in Chile there are areas to practice small and big game hunting and although there is less information from other South American countries, sport hunting occurs in most of them (Ojasti, 2000) .
Some species considered agricultural pests (e.g. hares and rabbits) can be hunted without permits or bag limits in some areas of Chile, Uruguay and Argentina (Mann, 1989; Ojasti, 2000; Pautasso, 2003; Walton, 1999) . Moreover, illegal and subsistence hunting are widely distributed yet there is a lack of information on the number of animals hunted per area, per day, and how they manage the remains of the hunt that generally contain lead fragments (Chiarello, 2000; De la Montaña, 2013; Pautasso, 2003; Paviolo et al., 2009; Pérez Carusi et al., 2009) . It is clear that lead from hunting causes significant environmental contamination (Romano et al., 2016; Rubio et al., 2014) . Therefore, while studies exploring impacts of this source of lead were performed only in a few countries of South America, it is reasonable to think that lead contamination from hunting may be extended to the entire continent, producing unknown impacts on ecosystems and bird populations.
Regulations about the use of lead in paint and fuel exist worldwide, including South America as explained above (Arnemo et al., 2016; Fujiwara et al., 2011; Kessler, 2014; Mañay et al., 2008) . However, there are few regulations limiting lead ammunition use worldwide (Avery and Watson, 2009 ) and South America is not an exception. This is unfortunate because lead pollution from ammunition is one of the few major environmental problems with a straightforward solution of recognized effectiveness (Anderson et al., 2000; Arnemo et al., 2016) .
Banning lead ammunition and promoting its replacement with non-toxic substitutes is essential to decrease lead contamination (Anderson et al., 2000; Arnemo et al., 2016; Samuel and Bowers, 2000; Thomas and Guitart, 2010) . There is, however, great resistance to eliminate lead ammunition from hunters around the world, who argue that the availability, price and performance of substitutes are sub-optimum (Kanstrup et al., 2016; Shedden, 1992; Thomas, 2013) . It is true that equally effective non-lead options do not yet exist for all types of firearms used in hunting, and that they are currently not manufactured or sold everywhere in the world (Epps, 2014) . Nonetheless, these limitations could be solved with policies that generate demand for non-toxic alternatives (Thomas, 2013) , as happened in Denmark when lead ammunition was banned (Kanstrup et al., 2016) . Regarding the effectiveness of non-toxic substitutes, even the most uncompromising hunting groups have accepted the evidence that substitutes have comparable prices and accuracy to lead ammunition (Arnemo et al., 2016; Epps, 2014; Thomas, 2013; Thomas and Guitart, 2010) .
A clear advantage in South America over other areas in the world is that the lack of bans on lead ammunition seems to stem more from lack of information or awareness, than from hunter lobbying and resistance. Where scientific evidence has been made available and technical and social pressure for policies voiced, changes have occurred as it happen in other parts of the world (Kanstrup et al., 2018) . For instance, over the past few years some provinces in Argentina have taken pioneer actions to regulate lead ammunition use. In particular, Santa Fe and Cordoba provinces currently prohibit the use of lead ammunition in wetlands (Resolutions 123-2016 and 57-2017 for Santa Fe; Resolution N • 1115-2011 for Córdoba). Furthermore, South American countries which adhere to the Convention of Migratory Species (Argentina, Chile, Brazil, Uruguay, Paraguay, Bolivia, Ecuador and Peru) endorsed resolution PNUMA/CEM N • 11.15 in 2014, which exhorts countries to progressively reduce and eliminate the use of lead ammunition over three years. While this commitment is non-binding, it shows some degree of awareness of the myriad of problems associated to lead ammunition for birds by South American nations. Undoubtedly these types of actions should be imitated by all South American countries to reduce the ecosystem impacts of lead.
Final remarks and conclusion
Despite the fact that information on lead contamination in South American birds has grown in the last years, it is still modest and restricted to some countries and areas. Nonetheless, the articles we found suggest that lead contamination is likely an important, yet poorly documented, threat to the health and survival of several bird groups across the continent. Moreover, it is advisable to unify some aspects in the future research like for instance the type of samples used to diagnoses lead contamination and the units reported.
Feathers and blood could be used for live birds and liver, bone and feathers for dead ones. Currently there is evidence of high lead contamination in some waterbirds and birds of prey from South America, including several threatened species. While a number of sources of lead, such as industrial pollution, fuels and mining were identified affecting species above accepted threshold levels (e.g. Spheniscus mendiculus), lead from ammunition may remain being an underestimated and non-regulated source associated with high tissue levels in birds from this continent.
According to a previous review (Avery and Watson, 2009 ) and to our current knowledge, there are no regulations on the use of lead ammunition in South America, with the exception of some provinces in Argentina. Therefore, it is reasonable to expect that lead contamination will continue increasing in the coming years should hunting (sports and subsistence) remain at current levels or increase, especially because of bioaccumulation and lack of biodegradation of this toxic metal (Romano et al., 2016) .
Policy changes that aim to mitigate lead contamination and, over time, eliminate anthropogenic lead sources of environmental pollution, are paramount and timely in South America. Even if gaps in scientific knowledge exist, there is enough evidence to support applying the precautionary principle and moving forward now. Notwithstanding, independently-replicated research that both shows the extent of the problem and monitors the evolution of any lead reduction programme will strengthen such actions (Thomas, 2009) . Fluent communication between scientists and wildlife managers on such matters will be essential for positive conservation outcomes. We believe that it is time to stop with this important threat to biodiversity.
